Der is an essential and widely conserved GTPase that assists assembly of a large ribosomal subunit in bacteria. Der associates specifically with the 50S subunit in a GTP-dependent manner and the cells depleted of Der accumulate the structurally unstable 50S subunit, which dissociates into an aberrant subunit at a lower Mg 2+ concentration. As Der is an essential and ubiquitous protein in bacteria, it may prove to be an ideal cellular target against which new antibiotics can be developed. In the present study, we describe our attempts to identify novel antibiotics specifically targeting Der GTPase. We performed the structure-based design of Der inhibitors using the X-ray crystal structure of Thermotoga maritima Der (TmDer). Virtual screening of commercially available chemical library retrieved 257 small molecules that potentially inhibit Der GTPase activity. These 257 chemicals were tested for their in vitro effects on TmDer GTPase and in vivo antibacterial activities. We identified three structurally diverse compounds, SBI-34462, -34566 and -34612, that are both biologically active against bacterial cells and putative enzymatic inhibitors of Der GTPase homologs. We also presented the possible interactions of each compound with the Der GTP-binding site to understand the mechanism of inhibition. Therefore, our lead compounds inhibiting Der GTPase provide scaffolds for the development of novel antibiotics against antibiotic-resistant pathogenic bacteria.
INTRODUCTION
The emergence of antibiotics-resistant bacterial strains is a major threat to the clinical treatment of pathogenic bacterial infections, which limits the use of currently available antibiotics. Vancomycinresistant pathogenic bacteria are now quite widely found. 1 As vancomycin is considered to be the last resort in the present treatment of drug-resistant bacterial infections, development of new potent antibiotics has become extremely demanding. Antibiotics such as penicillin target bacterial cell wall biosynthesis, and some antibiotics, such as kanamycin, streptomycin and tetracycline, inhibit protein synthesis. Cellular processes such as RNA and DNA synthesis are interrupted by rifampicin 2 and novomycin, 3 respectively. These currently available conventional antibiotics target various macromolecular biosynthetic systems in the bacteria described above, as they are unique in bacterial cells or distinct from those in eukaryotic cells. While the screening of new antibiotics against macromolecular biosynthesis targets is ongoing, the alarming pace of the development of drug resistance has created the urgent need for the search for non-conventional antibacterial targets.
In the search for novel antibacterial targets, the GTPase superfamily offers an attractive set of targets for intervention into various critical functions of bacterial cells. GTPases have critical roles in regulation of cellular functions such as signal transduction, translation, translocation of polypeptides and cell division by modulating conformational change between GTP-and GDP-bound forms. [4] [5] [6] Even though there is low primary sequence similarity among different GTPase families, most GTPases have an impressively common structural topology consisting of six b-strands surrounded by five a-helices. 4, 5, 7 Previously we characterized an essential GTPase, Der (double Eralike protein), from Escherichia coli (EcDer) [8] [9] [10] [11] [12] and from a hyperthermophilic bacterium Thermotoga maritima (TmDer). 8, 13 The 3D structure of TmDer was solved by X-ray crystallography. 13 Der homologs among other eubacteria, including E. coli, show highly conserved sequence homology from the N-terminus to the C-terminus. 8 Der has a C-terminal KH-like (RNA-binding module-like) domain flanked by two tandemly repeated GTP-binding domains at the N-terminus. 13, 14 In case of T. maritima Der, each of the two Der GTP-binding domains expressed separately has an intrinsic GTPase activity, though the activity of the N-terminal GD1 domain is stronger than that of the GD2 domain. 13 It has been demonstrated that Der has a critical role in 50S subunit biogenesis, as it associates with 50S subunit in the presence of a GTP analog 9, 15 and its depletion caused conformational instability of 50S subunit at a low Mg 2+ concentration. 9 GTP binds to Der in a cooperative manner and the interruption of cooperative nucleotide association disrupts the interaction of Der with the 50S subunit. 11, 12, 15, 16 The essential role of Der in 50S subunit assembly was further supported by the isolation of Der as a suppressor for the rrmJ null phenotype. 17 RrmJ is a 23S ribosomal RNA methyltransferase and its deletion resulted in reduction of the functional 70S ribosomes and accumulation of 30S and 50S subunits. The accumulated 50S subunits in rrmJ deletion cells were also disintegrated into abnormal subunits at a lower Mg 2+ concentration similar to that observed in the Der-depleted cells. 9, 11, 17 Furthermore, the primary sequence of Der is highly ubiquitous in most eubacteria. Importantly, this GTPase subfamily does not exist in eukaryotes. Therefore, the properties of Der GTPase that make it an ideal cellular target against which new antibiotics can be developed are as follows: (i) it is uniquely specific for bacteria, so that antibiotics developed against it will not be harmful to the human host; (ii) it is highly conserved in bacteria, so that antibiotics will be effective against a wide variety of pathogens; and (iii) it has an essential function in bacteria, so that antibiotics targeting its cellular activity will cause severe growth inhibition or accelerated death of bacterial cells.
In this study, we applied computer-aided pharmacophore modeling to retrieve putative small-molecule inhibitors of the bacterial Der GTPase, based on the crystal structure of T. maritima Der. By screening the computationally retrieved chemical library, we identified three chemicals, SBI-34462, -34566 and -34612, that are both bioactive to cells and inhibitory to the GTPase activity. Thus, our work potentially accelerates the discovery of a novel class of therapeutic agents.
MATERIALS AND METHODS

Molecular modeling of Der structure and virtual screening for lead compounds
The structure of Der with the GD1 domain in the empty state was taken from Protein Data Bank co-ordinates (PDB ID: 1MKY). 13 The 3D structure of Der has been regularized with the ECEPP/3 force field 18 in order to adjust X-ray coordinates to standard polypeptide geometry. GD1 was superimposed with auxiliary templates of active and inactive states; that is, crystal structures of Ras in complex with GTP (PDB ID: 121P) 19 and GDP (PDB ID: 4Q21), 20 respectively, and the ligand molecules were transferred from auxiliary templates into GD1 (Figure 1 ). We used a procedure of Monte Carlo simulations with flexible ligand docking protocols developed at Sapient Discovery, LLC. 21 Monte Carlo search with minimization was used to optimize the positions and conformations of the ligand in the binding site, positions of Mg 2+ ion and water molecules involved in the ligand binding and conformations of Der side chains located in a 5.0-7.0 Å shell around the ligand. The GD1 switch I loop residues 24-37 that are absent in the X-ray structure were built into preliminary models of complexes. Conformations of GD1 switch I loop were optimized by Sapient Discovery, LLC's proprietary loop optimization algorithm 22 and by the loop search procedure available in the ICM software package (San Diego, CA, USA). 23 The crystal structure was used as an initial model of Der in the empty state (no ligand bound to GD1). Der 3D structures with GTP and GDP bound to the GD1 domain were utilized as initial models of the active and inactive states, respectively. Independent molecular dynamics simulations were performed starting from the three initial structures. The AMBER software package 24 was used for molecular dynamics simulations. Initial models were solvated, that is, embedded in a box of water molecules and energy minimized with solvent. An equilibration period of 40-50 ps was followed by an acquisition period of 50 ps, during which the dynamic trajectories were collected and molecular snapshots of the system were saved every 10 ps (Figure 2 ). The force field and software used in this study have been described in an earlier work. 25 Conformations of the ligand visited during dynamic simulations were used to derive DynaPharm templates. As the potential inhibitor of the Der GTPase activity is supposed to block the GTP-binding site while fixing an inactive state of the protein, a dynamic model of the inactive GD1-GDP complex was used as the primary target. The dynamic model of the active GD1-GTP complex was considered as an alternative target that might result in discovery of both inhibitors and activators of Der GTPase.
The first set of lead chemicals based on the DynaPharm templates was generated by geometric matching of the queries against our database of Structure-based design of bacterial GTPase inhibitors J Hwang et al commercially available compounds containing more than five million molecules. The pharmacophore template was translated into a three-dimensional query. The distances and angles, as well as their tolerances, were derived from the molecular dynamics trajectories. A 3D search based on these structural queries results in compounds that satisfy the distance and angle criteria contained in the query. The first list of hits was derived using the geometric criteria only. These compounds were further filtered based on calculated druglikeness multilevel chemical compatibility (MLCC) score, logP o/w and solubility. Highly unstable, toxic, mutagenic or carcinogenic compounds were eliminated.
Purification of GTPase protein
For the expression of TmDer and EcDer, pETTmDer 8, 13 or pETEcDer 12 was introduced into BL21(DE3). The expression and purification of TmDer was carried out as described previously. 8 EcDer was overexpressed and purified with a similar protocol except for a heat treatment. The open reading frames of der in Deinococcus radiodurans and Staphylococcus aureus were cloned in NdeI-EcoRI sites of pET28a (N-terminal Histag fusion, Novagen, Gibbstown, NJ, USA), yielding pET28DrDer and pET28SaDer. pET28DrDer, pET28SaDer or pET28Era 12 was transformed in BL21(DE3). The His-tagged proteins were overexpressed and purified using Ni-NTA column as described in the manufacturer's protocol of QIAGEN (Valencia, CA, USA).
In vitro GTPase assay
To quantitate the GTPase activty of Der in the presence of compound, [g-32 P]GTP was used for the GTPase reaction. The reaction was carried out in a 50-ml reaction mixture containing 50 mM Tris-HCl (pH 7.5), 400 mM KCl, 5 mM MgCl 2 , 1 mM DTT, 10 mM [g-32 P]GTP, 100 mM of compound and 5 mM of purified TmDer (or other GTPases) protein at 70 1C (or 371C for other GTPases) for 20 min. The reaction was terminated by the addition of 200 ml of 6% active charcoal and the measurement of the free inorganic phosphate with a liquid scintillation counter was carried out as described previously. 8 All 257 compounds were dissolved in 100% dimethyl sulfoxide and tested for assays in duplicate reactions.
Bacterial strains and in vivo growth inhibition
Two bacterial strains of E. coli (W3110, Gram-negative) and S. aureus (Grampositive) were used to test the inhibitory effects of compounds on cell growth. Overnight cell cultures of E. coli or S. aureus grown in LB medium were evenly spread on LB plates. Autoclaved filter paper disks (+, 8 mm) were placed on each plate. Five microliters of each solution (100 mM) was spotted on the filter paper disk. Plates were incubated at 37 1C overnight. As control, 5 ml of 100% dimethyl sulfoxide (negative control), 50 mg ml À1 ampicillin (positive control) or 50 mg ml À1 kanamycin (positive control) was spotted on the filter paper disks. The antibacterial effect of the compounds was visualized by a halo formation around the filter paper disks. The MICs were determined by spotting approximately 5Â10 3 bacterial cells to mini plates containing various concentrations of each compound.
RESULTS AND DISCUSSION
The effects of compounds on TmDer GTPase activity The virtual screening described in Materials and Methods yielded 257 compounds as potential candidates for TmDer GTPase inhibitors. First, in order to determine whether any of these compounds can act as antibiotics, they were examined for their abilities to suppress GTPase activity of TmDer. Each of 257 computationally screened compounds was assayed for its effect on TmDer GTPase. The GTPase assays were carried out using purified TmDer in the presence of 10 mM [g-32 P]GTP and 100 mM of compound at 70 1C for 20 min. Note that the optimal enzymatic reaction of TmDer occurred at 70 1C, as we previously demonstrated. 8 The release of the inorganic phosphate of reaction was measured as described in Materials and Methods and compared with that of the control reaction without any compound. Of a total of 257 compounds, only 2 compounds (SBI-34527 and -34495) were identified that decreased TmDer GTPase activity by approximately 20-30% compared with the control reaction (Tables 1 and 2) . As mentioned earlier, T. maritima is a hyperthermophilic bacterium, whose optimal growth is approximately 70 1C. Thus, it is very tempting to speculate that high temperature may reduce the affinity of compounds to TmDer.
In the following experiments, we decided to test the compounds for their effect on Der homologs and Era GTPase for the following reasons: (i) most pathogenic bacteria are mesophilic, optimally growing at the host's body temperature, under which compounds may behave differently and (ii) whether or not each compound has the same pattern against all Der homologs or Era GTPase.
In order to obtain candidate compounds that can act as inhibitors for the GTPases described above, first, they were examined for their abilities to inhibit bacterial growth. The growth-inhibition effect of compounds was examined by spotting the solution of each compound on paper disks that were placed on LB plates spread with E. coli (Gram-negative) or S. aureus (Gram-positive) cells. Among 257 compounds tested, a total of 12 different molecules (Tables 1 and 2) formed a halo around the respective paper disks, suggesting an antibacterial activity.
The effects of compounds on Der homologs and Era GTPase
Thus, using these 12 compounds, which showed antibacterial activity as described above, we further assessed the effect of these selected compounds on E. coli, D. radiodurans and S. aureus Der (EcDer, Abbreviations: EcDer, Escherichia coli; TmDer, Thermotoga maritima Der. a Compound registration number in Sapient Discovery, LLC proprietary compound database. Five compounds that lead to more than 30% inhibition for at least three GTPases. b Average of two independent measurements in the presence of 100 mM of each compound. The GTPase activity in the absence of any compound was taken as 100%. c The N-terminal His-tagged GTPases were used for assay. DrDer, and SaDer) and E. coli Era GTPases, and compared with the results obtained with TmDer. The enzymatic assays were carried out as for TmDer except that N-terminal His-tagged proteins were used for DrDer, SaDer and Era and that the reactions were carried out at 37 1C (Tables 1 and 2) . Interestingly, SBI-34462, -34527 and -34566 were generally inhibitory to EcDer, DrDer, SaDer and Era GTPases within a range of 30-90% activity reduction. The GTPase activities of DrDer, SaDer and Era were more specifically inhibited by SBI-34437 and -34612 (Table 1) . SBI-34438 and -34439 substantially activated TmDer and EcDer GTPases, while the GTPase activities of DrDer, SaDer and Era were marginally inhibited by those compounds. The remaining five compounds, SBI-34495, -34522, -34559, -34565 and -34703, did not show noticeable inhibition effects for those GTPases (Table 2) . Thus, our results indicate that SBI-34462, -34566, -34612, -34437 and -34527 appear to be potent inhibitors for the subfamily of Der GTPase.
In vivo antibacterial activities of compounds Twelve compounds isolated above (Tables 1 and 2) were further tested to determine the MICs for their antibacterial inhibitions. MIC was determined by inoculating a diluted culture to mini plates containing various concentrations of compounds as described in Materials and methods. The MICs of SBI-34438, -34439, -34462, -34495, -34522, -34559, -34565, -34566, -34612 and -34703 for Gram-positive bacterium S. aureus were lower than those of SBI-34437 and -34527. Notably, the MICs of SBI-34439, -34462, -34495, -34559, -34565, -34566, -34612 and -34703 were in the range of 425-50 mg l À1 , suggesting a stronger antibacterial activity than SBI-34438 and -34522. More interestingly, only SBI-34703 was highly active against both E. coli and S. aureus, with an MIC of 430-40 mg l À1 (Table 2 ). For those 10 compounds with an MIC of o200 mg l À1 , cell growth was monitored in a liquid culture in the presence of compounds in order to investigate their mode of antibacterial action. Ten compounds were examined for their bioactivities against S. aureus (Figures 3a-c) .
For controls, dimethyl sulfoxide, ampicillin or chloramphenicol was added to the culture of S. aureus; addition of chloramphenicol to the culture reduced the growth rate gradually. Notably, ampicillin seemed to decrease the culture density after its addition, while in a longer incubation ampicillin-resistant S. aureus cells resumed to grow. 26, 27 SBI-34462, -34566, -34612 and -34703 were the most effective growth inhibitors without rendering S. aureus resistant to them (Figures 3a  and c) . SBI-34565 was as inhibitory as chloramphenicol (Figure 3c) . The remaining five compounds showed marginal or minimum inhibitory activities (Figures 3b and c) . For E. coli, SBI-34703 was tested for its inhibitory effect on cell growth. The addition of SBI-34703 to the exponentially growing E. coli cells induced dramatic reduction of culture turbidity compared with the control culture added with dimethyl sulfoxide. In E. coli culture, ampicillin or chloramphenicol induced cell lysis or growth arrest, respectively, immediately after its addition (Figure 3d) .
Twelve compounds shown in Figure 4 significantly inhibit at least three different GTPases (Figure 4b) , have MICs less than 200 mg l À1 (Figure 4c ), and both ( Figure 4a ). All compounds are structurally diverse forms, except for the pair of analogs SBI-34438 and -34439. Interestingly, all three compounds shown in Figure 4a and four of seven compounds shown in Figure 4c contain either benzoic acid or other aromatic group with carboxylic acid substitution. One compound, SBI-34703, has a dimerized indol scaffold. As we demonstrated in Table 1 and Figure 3a , SBI-34462, -34566 and -34612 are detrimental to S. aureus cells as well as to Der homologs. Therefore, they appear to be novel candidates for the next generation of antibiotics targeting Der GTPase. Figure 3 The in vivo bioactivity of compounds on E. coli and S. aureus. Growth curves of S. aureus cells (a-c) and E. coli (W3110) (d) in the presence and in the absence of compounds. Overnight cultures of each bacterium were diluted in a fresh LB medium and incubated at 37 1C. At mid-exponential growth phase indicated by arrows, each compound was added at an MIC as determined in Tables 1 and 2 . In a control culture, 0.15% (v/v) of dimethyl sulfoxide (DMSO), 50 mg l À1 of ampicillin or chloramphenicol at a final concentration was added. The OD was measured at 600 nm.
Models of Der GTPase complexes with bioactive compounds
Structure-based design of bacterial GTPase inhibitors J Hwang et al displayed in Figure 5a for comparison. GTP-binding mode is very similar to that of Ras and other small GTPases. 28 The guanine N1H and C2NH 2 groups make two H-bonds with the Glu121 carboxyl, while guanine C6¼O makes an H-bond with the backbone NH of Ala147. The ribose O2¢H makes an H-bond with the carboxyl of Glu148 and the phosphate oxygens interact with backbone NH groups of residues 11-15. The loop residues 33-36 displayed at the top of Structure-based design of bacterial GTPase inhibitors J Hwang et al Analysis of Der binding modes and the structure-activity relationship of antibacterial activity found in this study suggest that future target compounds with high affinity to the active Der GTP-binding site in active state may contain the following pharmacophore groups: (a) benzoic acid or another aromatic group with carboxylic substitution that binds to the GTP phosphate-binding site, (b) an aromatic moiety mimicking guanine and (c) hydrogen bond donor interacting with the carbonyl of Glu33 residue of Switch I loop.
Among essential bacterial GTPases like Der, EF-Tu, IF-2 and FtsZ were previously studied as potential antibiotic targets because of their wide conservation in bacteria and critical functions such as translation and cell division within bacterial species, even though their eukaryotic homologs exist. Nevertheless, thiostrepton for IF-2, pulvomycin and GE2270A for EF-Tu, and PC190723, Berberine and Zantrins for FtsZ have been exploited and investigated for their inhibitory activity towards those GTPases. [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] The recent technological advances in computational modeling of protein structures have a crucial role in drug design and its retrieval. In our study, structure-based pharmacophore design screened a relatively small number of candidate molecules and we successfully identified three inhibitors (SBI-34462, -34566, and -34612) for an essential bacterial GTPase Der that has been unexploited for antibacterial target. Therefore, our lead compounds isolated in the present study provide scaffolds to improve and optimize those compounds through a further investigation of the molecular interactions between Der GTPase and putative antibiotics. This will enhance the development of novel antibiotics against antibiotic-resistant pathogenic bacteria. The images were made using Accelrys DS Visualizer version 3.1 (Accelrys Software Inc., San Diego, CA, USA).
